To evaluate the effects of various surface preparations on shear bond strength of a gingiva-colored indirect composite material and zirconia framework. Zirconia disks were prepared with one of nine surface treatments: hydrofluoric acid etching (HF), heating at 1,000°C for 10 min (HT), wet-grinding with 600-and 1500-grit SiC paper (SiC 600 and 1500), alumina-blasting at 0.1, 0.2, 0.4 and 0.6 MPa (AB 0.1, 0.2, 0.4, and 0.6), and no treatment (NT). An indirect composite material was bonded to zirconia. Shear bond strengths were measured. Bond strength was significantly higher in AB 0.2, 0.4, and 0.6 groups than in other groups at 0 and 20,000 thermocycles. Post-thermocycling bond strength was lower in NT, HF, and HT groups than in other groups. Alumina-blasting with 0.2 MPa or higher yielded sufficient durable bond strength between gingiva-colored indirect composite and zirconia frameworks. Hydrofluoric acid etching and heat treatment did not achieve durable bond strengths.
INTRODUCTION
Zirconium dioxide (zirconia) has good chemical and physical properties, excellent biocompatibility, and low bacterial adhesion to its surface [1] [2] [3] . In addition, the natural color of zirconia frameworks is a desirable alternative to the graying effect of metal frameworks and results in excellent esthetics for zirconia-based restorations. The introduction of zirconia frameworks enabled clinicians to transcend the design and technical limitations of all-ceramic restorations, which resulted in greater success and reliability. Zirconia frameworks for fixed partial dentures are currently used in anterior as well as posterior, and implant-supported restorations. One-piece zirconia frameworks can now be fabricated for implant-supported restorations, due to technical improvements in their design and milling procedures 4, 5) . Patients increasingly demand natural-looking restorations, and implant-supported fixed dental prostheses (FDPs) of the anterior dentition provide patients with enhanced esthetics and functional comfort. Recently there has been greater interest in gingival esthetics in areas adjacent to implant restorations 6) . Gingival defects can be treated with surgical or prosthetic procedures. Although a number of surgical procedures can address vertical and horizontal tissue deficiencies, with varying success [7] [8] [9] , patients may be unwilling or unable to tolerate adjunctive surgery to prepare an implant site for optimal gingival contouring. Surgical costs, healing time, discomfort, and unpredictability make this choice unpopular.
A prosthetic approach using artificial gingiva reduces the need for technique-sensitive surgical procedures and is a more predictable approach for replacing lost tissue architecture. In addition, artificial gingival restorations can easily reestablish natural crown ratios and natural gingival profiles in complex environments 10) . Materials used for artificial gingival restorations include gingiva-colored acrylic resin 11, 12) , feldspathic porcelain 13, 14) , composite resin 15, 16) , and flexible silicone-based materials 17) . Gingiva-colored porcelain is widely used to replace lost gingival anatomy and yields excellent esthetic results that are indistinguishable from adjacent natural dentition 18, 19) . However, as a layering material for artificial gingiva, gingiva-colored porcelain has some limitations, such as minor fracture of porcelain due to brittleness, shrinkage during firing, weight, cost, timeconsuming and limited repairability. These drawbacks, combined with the high occlusal stress on porcelainlayered implant-supported restorations 20) , have made gingiva-colored indirect composite materials an alternative option for reproducing artificial gingiva in zirconia frameworks 15, 16) . Failure of a layered structure usually occurs in the weakest material or the weakest interface of the unit. A study evaluating shear bond strength of a gingiva-colored indirect composite material to zirconia ceramics found that airborne-particle abrasion with alumina (alumina-blasting) followed by priming with specific functional monomers enhanced bond strength 21) . Alumina-blasting was reported to damage the surface integrity of high-strength ceramics [22] [23] [24] . Thus, reducing the pressure of alumina-blasting, or eliminating alumina-blasting entirely, could improve the mechanical properties of zirconia ceramics. However, there are few data on the effects of different surface treatments such as alumina-blasting, grinding and heating on bond strength of gingiva-colored indirect composite materials to zirconia ceramic framework materials. Therefore, the objective of the current study was to evaluate the effect of various surface preparations on the shear bond strength of a gingivacolored indirect composite material to zirconia ceramic Effect of various surface preparations on bond strength of a gingiva-colored indirect composite to zirconia framework for implant-supported prostheses SiC 1500 Wet grinding with 1500-grit silicon carbide abrasive paper AB 0.1 Airborne-particle abrasion using 50-μm alumina at a pressure of 0.1 MPa AB 0.2 Airborne-particle abrasion using 50-μm alumina at a pressure of 0.2 MPa AB 0.4 Airborne-particle abrasion using 50-μm alumina at a pressure of 0.4 MPa AB 0.6 Airborne-particle abrasion using 50-μm alumina at a pressure of 0.6 MPa framework for implant-supported prostheses. The research hypothesis to be tested was that shear bond strength of a gingiva-colored indirect composite material to zirconia ceramics would be affected by various surface preparations of zirconia framework or by storage conditions.
MATERIALS AND METHODS
Information on the materials used in the current study is presented in Table 1 . A total of 162 disk specimens (diameter, 11.0 mm; thickness, 2.5 mm) were fabricated with yttrium-oxide-partially-stabilized tetragonal zirconia ceramics (Katana Zirconia, Kuraray Noritake Dental, Tokyo, Japan) and used as a bonding substrate. The specimens were randomly divided into nine groups (n=18). Different surface treatments were applied to the top surface of the specimens in each group as follows (Table 2) . Group NT: No surface treatment of the zirconia surface (control). Group HF: Surfaces of specimens were acid-etched with 9.5% hydrofluoric acid gel (Porcelain Etch, Ultradent, South Jordan, UT, USA) for 1 min. Group HT: Specimens were heated in a porcelain furnace (SingleMat Porcelain Furnace, Shofu, Kyoto, Japan) at 1,000°C for 10 min and cooled to room temperature. Groups SiC 600 and SiC 1500: Surfaces of specimens were wet ground with 600-and 1,500-grit silicon carbide abrasive paper (Tri-M-ite Wetordry sheets, 3M, St. Paul, MN, USA), respectively. Groups AB 0.1, AB 0.2, AB 0.4, and AB 0.6: Specimens were airborne-particle abraded using 50-μm alumina (Hi-Alumina, Shofu) at a pressure of 0.1, 0.2, 0.4, and 0.6 MPa, respectively, at a distance of 1.0 cm for 10 s. After surface treatment, the specimens were ultrasonically cleaned (SUC-110, Shofu) in acetone for 10 min. Surface roughness of the specimens was measured at three random locations using a profilometer (Surfcom 1400, Tokyo Seimitsu, Tokyo, Japan) with a stylus tip (radius, 5 μm). The arithmetic mean deviation of the assessed profile (Ra, μm) was obtained from 18 specimens in each group.
A piece of double-faced tape (Star Traper-GP, Sakurai, Tokyo, Japan) with a circular hole (diameter, 5.0 mm) was placed on the surface of the specimen to delineate the bonding area. Estenia Opaque Primer (EOP; Kuraray Noritake Dental) was used as a bonding promoter for the zirconia ceramics. This single-liquid primer contains 10-methacryloyloxydecyl dihydrogen phosphate (MDP) in the monomer solvent. The surface of all specimens was primed with EOP according to the manufacturer's instructions. For all specimens in each group, a thin layer of an opaque resin (Estenia C&B Opaque Modifier P, Kuraray Noritake Dental) was applied as an additional bonding agent and lightcured for 90 s in a laboratory light-polymerization unit (α-Light II, J. Morita, Suita, Japan). A further opaque resin was next applied on top of the primary opaque material, with each layer light-cured for 90 s in the same unit. After light exposure of the opaque layer, a stainless steel ring (SUS303, height, 2.0 mm; inner diameter, 6.0 mm; Nagata Industry, Sagamihara, Japan) was secured around the treated surface on all specimens. A gingiva-colored indirect composite material (Estenia C&B Gingival P2, Kuraray Noritake Dental) was used as a layering material. The ring was filled with the gingiva-colored indirect composite material, using a force of 5 N. The specimen was lightcured in the polymerization unit for 5 min followed by heat polymerization at 110°C for 15 min in a heat oven (KL-100, J, Morita).
After polymerization, the bonded specimens were stored in distilled water at 37°C for 24 h. This state was defined as 0 thermocycles, and half the specimens (n=9) were subjected to shear bond testing at this stage. The remaining nine specimens per group were tested after they were artificially aged by means of 20,000 thermocycles at 5°C and 55°C and a dwell time of 1 min per bath (Thermal Shock Tester TTS-1 LM, Thomas Kagaku, Tokyo, Japan).
Each specimen was mounted in a steel mold and placed in a shear-testing device (Tokyo Giken, Tokyo, Japan) designed in compliance with ISO/TR 11405. Shear bond strength was determined using a mechanical testing machine (Model 5567, Instron, Norwood, MA, USA) with a 5-kN load cell at a crosshead speed of 0.5 mm/min until failure. Shear bond strength (MPa) was calculated using the following formula: shear bond strength=failure load (N)/bonding area (mm 2 were also performed to compare differences among the nine surface treatment groups. Differences between pre-and post-thermocycling bond strengths for identical surface treatments were analyzed with the Mann-Whitney U-test. In all tests, p-values<0.05 were considered to be statistically significant.
Specimens with a representative pattern among the groups were selected for observation of surface failure. Debonded surfaces were observed with an optical microscope (Stemi DV4, Carl Zeiss MicroImaging, Göttingen, Germany) at ×32 magnification. The site of failure was categorized as adhesive failure at the indirect composite material/zirconia interface (A), combined of adhesive and cohesive failure (AC), or cohesive failure within the indirect composite material (C). In addition, the representative specimens were osmium-coated with a sputter coater (HPC-IS, Vacuum Device, Mito, Japan) and observed with a scanning electron microscope (SEM; S-4300, Hitachi High-Technologies, Tokyo, Japan) operated at an accelerating voltage of 15 kV. Table 3 presents the results of surface roughness (Ra, μm) testing. In the AB groups, an increase in injection pressure resulted in greater surface roughness. Surface roughness was significantly higher (p<0.01) in the AB 0.4 and 0.6 groups than in the other seven groups. No significant differences were observed among the NT, HF, and HT groups (p>0.05). Shear bond strengths at 0 and 20,000 thermocycles are summarized in Tables 4  and 5 , respectively. For both 0 and 20,000 thermocycles, the AB 0.2 (18.4 and 19.7 MPa, respectively), 0.4 (19.1 and 18.8 MPa, respectively), and 0.6 (19.9 and 18.7 MPa, respectively) groups had significantly higher bond strengths among the nine groups. For both 0 and 20,000 thermocycles, wet grinding with silicon carbide abrasive paper, SiC-600 (8.3 and 9.5 MPa, respectively) and SiC-1500 groups (4.2 and 6.4 MPa, respectively), significantly enhanced the bond strength compared to Table 2 for description of abbreviations. Table 2 for description of abbreviations. Table 2 for description of abbreviations. Table 2 for description of abbreviations. Table 2 for description of abbreviations. the control group (NT group). After 20,000 thermocycles, the bond strengths were significantly lower (p<0.05) in the NT (0.2 MPa), HF (0.1 MPa), and HT groups (0.2 MPa) than in the other groups. The Mann-Whitney U test showed no significant difference in shear bond strength values at 0 and 20,000 thermocycles, except in the HT group (3.1 and 0.2 MPa, respectively) (p<0.05). Table 6 shows failure patterns after shear bond testing, as determined using an optical microscope. The AB 0.2, 0.4, and 0.6 groups showed combined adhesive failure regardless of thermocycling status.
RESULTS
The panels in Fig. 1 show representative SEM images of specimen surfaces after each of the surface treatments. In the NT group, although the surface was moderately rough, no clear undercuts were seen (Fig.  1a) . The surface state of the HF and HT group specimens resembled that of NT group specimens (Figs. 1b and 1c) . Although many scratches were visible in the SiC 600 and 1500 group specimens, the surface state of the SiC 1500 group specimen was smoother than that of the SiC 600 group specimen (Figs. 1d and 1e) . After aluminablasting at a pressure of 0.4 MPa or higher, the surfaces of zirconia specimens were rough and had sharp edges (Figs. 1f-1i) .
Representative SEM images of the fracture interface after shear bond testing are shown in Figs. 2  and 3 . A zirconia specimen from the HT group exhibited adhesive failure, i.e., the composite material separated from the zirconia surface. In contrast, after 20,000 thermocycles the AB 0.4 group specimen had remnants of indirect composite material on its surface, indicating a combination of adhesive and cohesive failure.
DISCUSSION
The current study evaluated the effects of surface preparation and alumina-blasting on bonding of a gingiva-colored indirect composite layering material to zirconia ceramics. The results of the current study showed that shear bond strength was influenced by the type of surface treatment used. Shear bond strength increased after thermocycling in all groups except the HT group. Therefore, the research hypothesis, namely, that shear bond strength of a gingiva-colored indirect composite material to zirconia ceramics would be affected by surface preparation or alumina-blasting to zirconia ceramics or by storage conditions, was substantially accepted.
The results of the current study demonstrated that alumina-blasting enhanced bond strength. Aluminablasting of zirconia ceramics is the most effective method of improving surface roughness and creating micromechanical interlocks. Some studies reported that the resin bond to zirconia was improved by aluminablasting of the zirconia surface [25] [26] [27] . However, aluminablasting under excessive pressure may initiate phase transition and hasten microcrack formation, thus compromising the mechanical properties of zirconia [22] [23] [24] . Alumina-blasting at a pressure of 0.2 MPa or higher led to significantly higher pre-and post-thermocycling bond strengths in the current study. This result contradicts those of earlier studies, in which alumina-blasting at pressures higher than 0.05 MPa 28) and 0.1 MPa 29) yielded superior and durable bond strengths. These conflicting results are likely principally due to the different experimental methods and materials used in the studies. To our knowledge, the clinically acceptable range of bond strength between layering composite materials and ceramic frameworks is still unclear. However, some studies indicated that the threshold of clinically successful bond strength between layering indirect composite materials and metallic frameworks could be approximately 10 MPa 30) . Without aluminablasting, bond strengths between gingiva-colored indirect composite material and zirconia ceramics were lower than 10 MPa, which is the clinical threshold for the strength of the bond between layering composite and framework material 30) . Thus, alumina-blasting should be mandatory for zirconia ceramic frameworks in clinical use. Consequently, a pressure of 0.2 MPa can be considered optimal for alumina-blasting because bond strength was greater than 18 MPa at that pressure and was not improved by the use of pressures higher than 0.2 MPa, and because the minimum pressure of alumina-blasting that produces sufficient bond strength is recommended, to avoid damaging surface integrity.
In the current study, surface roughness values were higher in the AB 0.4 and AB 0.6 groups than in the other groups. However, shear bond strengths in the AB 0.4 and AB 0.6 groups were not significantly different from those in the AB 0.2 group at 0 or 20,000 thermocycles. These results indicate that bond strength does not depend on surface roughness. Therefore, excessive surface roughness due to alumina-blasting is not necessary to increase bond strength. These findings are similar to those reported in a previous study, which found that surface roughness was not the only factor in bond strength 31) . Increasing the pressure of alumina-blasting would increase the surface roughness of zirconia frameworks. However, past and present findings indicate that the surface wettability or asperity of zirconia frameworks might not change after a certain pressure of alumina-blasting is achieved.
Hydrofluoric acid etching is commonly used for dental ceramics and provides appropriate surface roughness and texture 32, 33) . The glassy matrix is selectively removed, and crystalline structures are exposed. However, the effectiveness of hydrofluoric acid etching for zirconia is limited owing to the small amount of silica-based phase in the material. Hydrofluoric acid etching does not produce morphological changes or sufficiently roughen the surfaces of high strength ceramics such as aluminum-oxide ceramics and zirconia ceramics 34, 35) . In the current study, hydrofluoric acid did not improve bond strength between a gingiva-colored indirect composite and zirconia ceramics, which is consistent with previous findings 35) . In the current study, the surface roughness values of NT, HF and HT groups were found to be significantly higher than those of SiC 600, 1500 and AB 0.1 groups. On the other hand, the NT, HF and HT groups showed lower shear bond strength after 20,000 thermocycles than the other groups. Mechanical stress during alumina-blasting and grinding initiates the phase transition from tetragonal to monoclinic zirconia compared with untreated surfaces 36, 37) . The aluminablasting and wet-grinding increased the flexural strength of Y-TZP zirconia in inducing the tetragonal to monoclinic phase transformation 36, 37) . However, the influence of alumina-blasting and wet-grinding on the shear bond strength between the gingivalcolored indirect composite and zirconia has been little investigated. The results from the current study signify that alumina-blasting and wet-grinding would enhance the bond strength of the two materials. A possible explanation for this finding might be that the zirconia surface is activated by the newly transformed surface with the alumina-blasting and wet-grinding, which transform from tetragonal to monoclinic phase. It should be noted that the alumina-blasting and wetgrinding is mandatory for the zirconia framework before layering the gingival-colored indirect composite to achieve the fundamental bond strength.
Conversely, the heat treatment at a temperature of 900-1,000°C causes monoclinic grains to reverse transition into the tetragonal phase 37) . The present results indicate that heat treatment after milling did not enhance the initial durable bond between the indirect composite material and zirconia ceramics. In addition, the application of thermal cycling significantly decreased the bond strength of HT group. These findings confirm those of a previous study 38) , which suggested that heat treatment decreases absorbed hydroxide on the surface of zirconia ceramics. To date, however, there is little information on these issues. Therefore, further investigations should be needed to clarify these phenomena.
Shear bond strength between a composite material and zirconia ceramics increased after thermocycling in all groups except the HT group. SEM images of the fractured interface exhibited similar findings at both 0 and 20,000 thermocycles. These results are consistent with those of a previous study 39) , the authors of which speculated that polymerization of composite material or adhesive agents was ongoing at 24 h and that thermal stress at 55°C in a high-temperature bath induced further polymerization of the composite material.
The current study evaluated the effects of surface mechanical and thermal treatment of zirconia frameworks on shear bond strength. However, future in vitro studies should include additional clinically relevant parameters, such as long-term bond strength and the effect of chemical surface treatments, to yield results that lead to concrete clinical recommendations. In addition, clinical trials are needed in order to validate the materials and procedures of the current study, for general use in clinical practice.
Within the limitations of the current study, it can be concluded that alumina-blasting at a pressure of 0.2 MPa or higher yielded sufficient initial and durable bond strength of a gingiva-colored indirect composite to a zirconia ceramic framework. Hydrofluoric acid etching and heat treatment of the zirconia surface did not improve durable bond strength.
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